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Abstract Extreme events associated with global change
will impose increasing stress on coastal organisms. How
strong biological interactions such as the host–parasite
arms-race are modulated by environmental change is
largely unknown. The immune system of invertebrates,
in particular phagocytosis and phenoloxidase activity
response are key defence mechanisms against parasites,
yet they may be sensitive to environmental perturbations.
We here simulated an extreme event that mimicked the
European heat wave in 2003 to investigate the eVect of
environmental change on the immunocompetence of the
mesograzer Idotea baltica. Unlike earlier studies, our
experiment aimed at simulation of the natural situation as
closely as possible by using long acclimation, a slow
increase in temperature and a natural community setting
including the animals’ providence with natural food
sources (Zostera marina and Fucus vesiculosus). Our
results demonstrate that a simulated heat wave results in
decreased immunocompetence of the mesograzer Idotea
baltica, in particular a drop of phagocytosis by 50%. This
suggests that global change has the potential to signiWcantly
aVect host–parasite interactions.
Introduction
Global change may result in a changed pattern of coevolu-
tionary hot and cold spots, as Xuctuations of temperature
can aVect host and parasite genotypes into opposite direc-
tions (Gomulkiewicz et al. 2000). This is likely to disrupt
species interactions and evolutionary equilibriums. Not
only the mean temperature but also the variation in many
abiotic parameters will increase, leading to rising frequen-
cies of extreme climate events such as heat waves and
storms (Frich et al. 2002). Whereas global average surface
temperature is expected to increase by 1.8–4.0°C by the end
of this century (IPCC 2007), regional increase is likely to
even be higher, e.g. a rise of water temperature by 3–5°C in
the Baltic Sea is predicted (Belkin 2009).
Parasites (here used in the evolutionary sense, including
macroparasites, and microparasites like bacteria and
viruses) reduce the Wtness of their hosts and often impose
strong selection pressures on them by continually evolving
new ways to evade host defence. Hosts counteract with the
evolution of eYcient immune systems that rely on a high
diversity of resistance alleles that recognize non-self
and Wght foreign parasites (Altizer et al. 2003; Boots and
Bowers 2004).
Due to their shorter generation time, larger population
size, and higher rate of reproduction, parasites and patho-
gens are thought to adapt to their hosts in a shorter time
than hosts to their parasites (Kawecki and Ebert 2004).
Environmentally induced changes such as global warming
are thus likely to favour marine pathogens by shortening
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studies suggest temperature to have an impact on virulence
in various systems (Rosenberg and Ben-Haim 2002;
Blanford et al. 2003; Thomas and Blanford 2003). An
increased virulence may impose stronger selection pressure
on the host immune defence.
Herbivores may be impacted by environmental change
twofold. Either they are aVected directly by increased tem-
perature or CO2 and its associated metabolic stress, but in
addition, they may suVer indirectly via altered food quality
(e.g. (Veteli et al. 2002; AsshoV and Hättenschwiler 2005;
Karowe 2007; Tylianakis et al. 2008). Changes in tempera-
ture, pH and salinity have been shown to impose stress onto
marine freshwater invertebrates and to impact their immu-
nity (Moullac and HaVner 2000; Mydlarz et al. 2006).
Many terrestrial studies focused on plant-insect interactions
under elevated temperature or “CO2”, Here, plant composi-
tion and secondary substances are aVected by global
change, for example the secondary phenolic compounds
have been shown to decrease (Veteli et al. 2002). If the
same pattern exists for the marine realm, herbivores can be
expected to feed on an altered food quality. This could
result in a changed resource allocation trade-oV where only
limited resources for investment in diVerent life-history
traits may be available. As immunity is costly, trade-oVs
often occur between immunity and other life history traits
(Sheldon and Verhulst 1996). An induced metabolic stress
coupled with an altered food quality is thus likely to
decrease immune response that leads to hosts highly sus-
ceptible to parasites and diseases.
Invertebrates rely exclusively on their innate immunity
and lack a mechanistic homologue of the adaptive arm of
the vertebrate immune system (Janeway and Medzhitov
2002), although some recent work suggests speciWcity upon
secondary exposure to parasites and pathogens (Kurtz and
Franz 2003; Sadd and Schmid-Hempel 2006; Roth and
Kurtz 2009; Roth et al. 2009). The immune system of
invertebrates can be divided into cellular and humoral
defences. Phagocytosis represents the most important fea-
ture of cellular immunity (Jutras and Desjardins 2005).
During phagocytosis, reactive oxygen species are produced
with a high antimicrobial potential (Bachere et al. 1995).
Important features of the humoral immune defence are the
production of antimicrobial peptides and phenoloxidase
activity, the production of melanin by the prophenoloxidase
system (HoVmann 2003).
Only few data on the impact of temperature changes on
immune defence exist in marine invertebrates, mainly deca-
pods (Steenbergen et al. 1978; Staples and Heales 1991;
Chen et al. 1995, 2003; Dove et al. 2005; Robohm et al.
2005). While they represent important Wrst steps, the
conclusions about the natural impact of global change are
limited. The increase of several degrees centigrade within
few minutes used in previous studies is unrealistic for the
marine realm where temperatures increase only slowly, but
extreme values may persist for a longer time. We thus lack
a good understanding of how immunocompetence may be
comprised in a natural scenario of global change.
To investigate how future environmental change may
aVect immunocompetence, we calibrated the imposed
experimental stress by in situ temperature measurements of
the heat wave in Europe during the summer 2003 (Reusch
et al. 2005). Marine invertebrates are likely to not only be
aVected by temperature but also by changes in their food
source. To investigate both, direct eVects by temperature
and indirect eVects by changing food conditions, we used a
common algae/plant—grazer system of the Baltic Sea, the
isopod Idotea baltica, the brown alga Fucus vesiculosus
and the seagrass Zostera marina. Here, not only the animals
had to cope with raising temperatures but also the algae and
the seagrass. Hence, the interaction of the plant and the
grazer is likely to be aVected by global change. With this
community approach, we tried to simulate a more natural
situation to be able to investigate the eVect of global change
in the marine realm on the immunocompetence of a marine
invertebrate.
Materials and methods
Study organism
Isopods of the genus Idotea are key herbivores within mac-
rophyte meadows (seagrasses and macroalgae) throughout
the northern hemisphere (Williams and Ruckelhaus 1993;
Jaschinski and Sommer 2008). The study species I. baltica
is abundant on macroalgal and seagrass beds in the Baltic
Sea, especially on brown algae of the order Fucales and on
the seagrass Zostera marina (Franke et al. 1999; Hemmi
and Jormalainen 2002). Idotea prefers feeding on epi-
phytes, however, if absent, they feed directly on Fucus and
Zostera (Jaschinski and Sommer 2008). I. baltica relies on
permanent access to food, in its natural habitat it only rarely
experiences phases of food deprivation, and is thus severely
aVected when food is temporarily limited (Gutow et al.
2007). Temporary starvation is known to result in delayed
maturity and decreased reproduction (Gutow et al. 2007) as
I. baltica have only limited storage of internal compounds
such as lipids (Gutow et al. 2006).
Animal collection and experimental design
Idotea baltica were collected in a Zostera marina bed in
Ebeltoft (Denmark, Baltic Sea) at the 6th of May 2008
while snorkelling. Sampling was done at ambient water
temperature of 15°C in a water depth of 0.50–2.0 m at123
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aquaria facilities in Münster and randomly distributed over
six aquaria (80 £ 40 £ 40 cm), 15 animals per tank. The
facility was provided with artiWcial seawater (Instant
Ocean) with a salinity of 31.5 psu. This salinity is well
within the range of salinities encountered by the experi-
mental animals in the Kattegat area. With this high salinity,
we could further minimize the risk of a Vibrio infection that
would have potentially confounded the outcome of this
experiment, as the risk of Vibrio infections is highest at
increased temperatures and low salinity (Kaspar and
Tampling 1993). During the whole experiment the animals
had unlimited access to Zostera marina and Fucus vesicu-
losus planted in the aquaria.
Zostera marina shoots were collected in Doverodde
(Denmark, North Sea) and Ebeltoft (Denmark, Baltic Sea)
on the 5th of May and 6th of May while snorkelling. Fucus
vesiculosus was collected in Ebeltoft on the 6th of May.
Plants were transported to our aquaria facilities in Münster
and replanted within 48 h into the aquaria.
Every aquarium housed two boxes Wlled to a height of
10 cm with sandy marine sediment from the Kiel Bight;
each box was planted with a random mixture of 20 shoots
randomly chosen from all locations and plants (Doverodde,
Ebeltoft, seagrass, Fucus). Individuals of Fucus were
placed with the attached stones at their holdfasts.
Within 1 week, the water temperature was slowly raised
to Baltic summer conditions (19°C), thereafter, plants and
animals were given an acclimatization period of 23 days at
19°C. Shoots were provided with natural light conditions
and water was fertilized every 10 days (design after Berg-
mann, Winters, Reusch, unpublished).
The treatment consisted of a simulated heat wave, while
control aquaria were kept at a constant temperature. On the
4th of June the experiment started, and water temperature
of half of the tanks was slowly increased from 19 to 26°C
with temperature steps of 1°C/day. After reaching 26°C, a
constant temperature was kept for 1 week mimicking the
2003 European heat wave (Reusch et al. 2005). On the 15th
of June, immunocompetence of the surviving Idotea baltica
was measured. Due to high mortality (cannibalism) before
the start of the temperature treatments, only eight Idotea
per tank could be used for the experiment. During the
experiment, no further mortality was observed. This
indicates that survival was not inXuenced by the heat wave.
Immune measurements
Hemolymph collection, injection of bacteria
Immunocompetence of individual Idotea was quantiWed for
animals from both the heat wave and control treatments.
For measurements of immune defence, the animals were
taken out of the aquaria into plastic vials with a water vol-
ume of 80 ml Wlled with water from the tank they origi-
nated from. The vials were all carefully brought to the
laboratory to minimize stress for the animals. Animals were
punctured with a sterile needle. About 2 l of the outXow-
ing hemolymph was collected into a 2-l microcapillary,
Xushed into a 0.2-l Eppendorf tube and immediately
frozen in liquid nitrogen. Thereafter, 2 l of heat-killed
Bacillus thuringiensis (concentration: 108 cells/ml) dissolved
in insect Ringer saline solution and labelled with FITC after
standard protocols (Kurtz 2002) were injected into the ani-
mals using the same hole that was already punctured for
taking hemolymph, to perform an in vivo phagocytosis
assay. After injection of bacteria, the animals were immedi-
ately put back into the vials that were then placed into the
aquaria facilities for 2 h (beforehand, lid was punctured
with a needle to allow water exchange). Thereafter, 5 l of
hemolymph was taken of every I. baltica into 5-l capillar-
ies coated with PTU to prevent melanization (capillary was
dipped into a saturated solution of phenylthiourea in metha-
nol, and only used after evaporation). Hemocytes were
rinsed into Lab-Tek Chamber slides Wlled with 250 l of
Grace Insect medium and cooled on ice to proceed with the
phagocytosis assay. All animals were thereafter killed and
frozen at ¡20°C. Six animals had to be excluded as they
died after the injection of bacteria independent of their
experimental treatment.
Phagocytosis and hemocyte count
After addition of hemolymph, the Lab-Tek Chambers were
kept for 15 min on ice and were thereafter placed into a wet
chamber at room temperature for half an hour. During this
time, hemocytes could attach to the slide. The phagocytosis
assay was then performed as described by Roth and Kurtz
(2009). Trypan blue was added to quench the Xuorescent
bacteria outside of the hemocytes (non-phagocytosed bac-
teria). After 15 min, trypan blue was washed away with
Grace insect medium until the slides were only slightly
blue. DAPI was added to label hemocyte nuclei, most liq-
uid and the upper part of the slide was taken away, glycer-
ine gelatine was added and the slide was mounted with a
cover slip.
During the next days, the phagocytic activity was quanti-
Wed by counting the number of hemocytes. Hemocytes
were diVerentiated as phagocytosing and non-phagocytos-
ing hemocytes on an epiXuorescent microscope at 400£
magniWcation. Per well, Wve Welds of view in a Wxed order
were quantiWed. As our measure of the phagocytic activity,
the number of phagocytosing hemocytes was divided by the
total number of hemocytes. This is used to indicate the per-
centage of hemocytes containing endocytosed bacteria
(Steenbergen et al. 1978).123
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Phenoloxidase activity measurements were performed after
Irmak et al. (2005) with modiWcations. Into a 40 mM
HEPES buVer (N-2-hydroxyethylpiperazine-N-2-ethanol-
sulfonic acid), pH 7.0, a Wnal concentration of 40 mM
dopamine was added as a substrate, and 0.06% SDS
(Sodium–dodecyl–sulphate) to induce phenoloxidase activ-
ity of hemocyanin (Jaenicke et al. 2009). 1 l of hemo-
lymph was Xushed into the substrate, and the change in
absorption was thereafter immediately recorded at 490 nm
on a Tecan InWnite 2 platereader for 2 h, once every minute,
at 30°C. The maximal slope of the curve (Vmax) was cal-
culated over 15 measurement points (15 min). Four animals
had to be excluded due to measuring errors; they were
randomly distributed over the treatments.
Plant substrate content analysis
To determine if the temperature increase aVected immu-
nocompetence of the isopods, or if the observed changes
resulted from a combination of the increase in water tem-
perature and changes in the composition of the substrate
of the leaves and thalli, respectively, Idotea fed on, plant
substrate content analyses were performed. In every
aquarium seagrass from the two locations (Doverodde &
Ebeltoft) and Fucus vesicolusus were separately dried.
Starch and sugar (glucose) were analysed with an
enzymatic starch digestion and a spectrophotometric
glucose test after invertase and isomerize addition (Hoch
et al. 2002). Total N and C were measured using a CHN
analyser (Model 900, LECO Instruments, St Joseph, MI,
USA).
Data analysis
All data were tested for a signiWcant Tank eVect (random
factor). Since this was not signiWcant, the factor Tank was
removed from the analyses and all tanks of the same treat-
ment were pooled.
Hemocyte counts were Box-Cox transformed before
analysis (hemocytesx = (hemocytes0.2 ¡ 1)/0.0116) to reach
a normal distribution of the data. Phagocytic activity data
were Box-Cox transformed prior to analysis to reach a
normal distribution of the data (phagox = (phago0.2 ¡ 1)/
1.1155). Vmax measurements of phenoloxidase activity
Wtted a normal distribution. ANOVAs were performed with
treatment (heat wave vs. control) and sex (male vs. female)
as Wxed factors and with hemocyte counts, phagocytic
activity or phenoloxidase activity as response variables.
The eVect of the heat wave on non-structural carbohydrates
(NSC values) was analysed in an ANOVA with Location/
Species (Seagrass/Doverodde, Seagrass/Ebeltoft, Fucus/
Ebeltoft) and Treatment (heat wave vs. control) as Wxed
factors. Before analysis, data were Box-Cox transformed to
reach a normal distribution (NSCx = (NSC0.6 ¡ 1)/0.4000).
The eVect of the heat wave on the C/N ratio (carbon divided
by nitrogen) was analysed in an ANOVA with Location/
Species and Treatment as Wxed factors.
Results
Idotea baltica that experienced the stress event of a heat
wave had a signiWcantly decreased phagocytic activity com-
pared to control animals (ANOVA: Treatment, F1, 38: 2.74,
P = 0.0093; Sex, F1, 38: 0.68, P = 0.4994; Treatment £ Sex,
F1, 38: 1.42, P = 0.165) (Fig. 1a). The number of hemocytes
was not aVected by a heat wave (ANOVA. Treatment, F1, 38:
0.53, P = 0.751; Sex, F1, 38: 0.72, P = 0.475; Treatment £
Sex, F1, 38: 0.85, P = 0.403) (Fig. 1b). Males had a signiW-
cantly lower phenoloxidase activity than females, however,
the heat wave did not aVect phenoloxidase activity
(ANOVA: Treatment, F1, 40: 0.79, P = 0.434; Sex: F1, 40:
2.45, P = 0.019; Treatment £ Sex, F1, 40: 0.90, P = 0.373)
(Fig. 1c).
NSC (non-structural carbohydrates) diVered between
seagrass from the locations Doverodde and Ebeltoft, and
also between seagrass and Fucus vesiculosus. A trend could
be found towards an increased sugar and starch storage
under heat stress (ANOVA, Location F2,12: 72.59,
P = 0.0001; Treatment F1,12: 2.65, P = 0.09; location £
treatment F2,12: 1.53, P = 0.26) (Fig. 2).
The C/N ratio was constant over the diVerent locations
and was not aVected by a heat wave (ANOVA, Location
F2,12: 0.76, P = 0.49; Treatment F1,12: 0.01, P = 0.99;
Location £ Treatment F2,12: 0.08, P = 0.93).
Discussion
We here demonstrated that a realistic extreme event that
mimicked the 2003-European heat wave (Schar and
Jendritzky 2004) decreased phagocytic activity of the
marine isopod Idotea baltica by about 50%. Unlike earlier
studies performed about eVects of temperature change on
immunocompetence, our set-up simulated a natural situa-
tion, by (1) increasing temperature slowly, reclined at a sce-
nario of a heat wave in Northern Europe in summer 2003
and by (2) allowing animals to feed on their natural food
sources, Fucus vesiculosus and Zostera marina that were
planted directly into the tank. Given that phagocytosis is a
major innate immune pathway in crustaceans, and that
host–parasite interactions are among the strongest biologi-
cal interactions in all ecosystems, such a decrease is of
serious concern.123
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water are known to aVect metabolism, growth, moulting
and survival (Staples and Heales 1991; Chen et al. 1995).
Lobsters kept for 31 days at high temperatures (23°C) had a
decreased phagocytic activity compared to control lobsters
at 16°C (Dove et al. 2005). Also in vitro temperature
increase from 16°C to 24°C led to a drop of phagocytosis in
lobsters (Homarus americanus) (Steenbergen et al. 1978).
The giant freshwater prawn (Macrobrachium rosenbergii)
increased its phagocytosis activity with intermediate tem-
perature; however, at high temperatures (35°C) it dropped
(Cheng et al. 2003). Further, mortality of lobsters was
increased at elevated temperatures after an infection with a
pathogenic bacterium (Robohm et al. 2005). Even though
the stress imposed onto the animals was lower in this study
compared to earlier studies, we found a similar result.
Because temperature eVects may also have changed the
composition of leaves, respectively, thalli (increased sugar
and starch storage, P = 0.09), we cannot decide whether
direct stress eVects on the isopods metabolism, the alter-
ation in food composition, or both are the underlying mech-
anisms.
If the alteration of carbohydrate composition was signiW-
cant when using more replicates, this would have important
ramiWcations for all plant–herbivore interactions in sea-
grass/macroalgal beds. The logical next experiment would
be to decompose indirect food and direct metabolic stress
eVects on immunocompetence using a four-factorial experi-
ment with I. baltica feeding on daily provided frozen food
(like mosquito larvae or frozen seagrass) and I. baltica
feeding on seagrass planted into their tank, both feeding
treatment should be replicated and either go through the
scenario of a heat wave or stay at control levels. Then, we
could also investigate the alternative hypothesis, whether
increased sugar and starch content may even increase
immunocompetence and thus balance out the negative
eVects of immunosuppression via thermal stress. In addi-
tion, epiphyte growth on seagrass and macroalgae should
be determined and NSC content should be measured, as
Fig. 1 Phagocytic activity (phagocytosing cells/total cells) (a) number
of hemocytes (b) and phenoloxidase activity (c) of Idotea baltica that
either went through a heat wave (warm: white bars) or were kept under
control conditions (cold: black bar). Figure shows mean values +
standard errors
A
B
C
Fig. 2 Percentage of sugar and starch (combined in NSC) of leaves of
either Zostera marina or Fucus vesiculosus collected in Ebeltoft and
Doverodde exposed to a heat wave (warm: white bars) or exposed to
control conditions (cold: black bars). Figure shows mean values +
standard errors123
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always present on seagrass. Further, laboratory bred
isopods may be used to be able to exclude eventually con-
founding eVects of age (potential senescence of immunity)
or prior parasitic exposure.
Interestingly, male I. baltica have shown a lower
humoral immunocompetence than females (phenoloxidase
activity). In marine isopods, sexual dimorphism in immu-
nity has as yet not been investigated. In many animal spe-
cies, males have lower immunocompetence than females
(Skarstein and Folstad 1996; Kurtz and Sauer 1999;
Verhulst et al. 1999; Kurtz et al. 2000; Ryder and Siva-
Jothy 2000). In invertebrates, one explanation for the
sexual dimorphism in immunity may result from diVerent
life-history strategies of males and females. Whereas maxi-
mal female reproductive success is limited by the number
of eggs a female can produce due to time constraints, maxi-
mal male reproductive success is limited by the accesses to
mating partners. Females thus gain their Wtness through
increased longevity, while males gain Wtness by increasing
mating rates (Bateman’s principle) (Bateman 1948;
Clutton-Brock 1988). Since a stronger immune system may
be needed for a longer life, Bateman’s principle may
account for sexual dimorphism in immunity (RolV 2002).
During the acclimatization phase only, we observed sub-
stantial mortality among our experimental animals by can-
nibalism. Earlier studies working on marine isopods were
faced with the same problem, as severe antagonistic inter-
ference in I. baltica is known to occur already at low densi-
ties, causing high mortality on juveniles and individuals
which are about to moult (Franke and Janke 1998). Thus,
laboratory populations reach their carrying capacity at a
low density even though all necessary resources are still
available in excess (Franke et al. 2007). Especially in
feeding experiments, cannibalism may change the outcome
of the study; however, in this study, cannibalism only
occurred during the acclimatization phase, while no further
cannibalism was observed during the experiment. To be
able to perform experiments with larger replicate size and
less confounding eVects due to severe antagonistic interfer-
ence, future studies should try to keep animals as single
individuals in smaller tanks.
For the Wrst time, we provide data about how over the
short term (weeks), increasing temperature during a sum-
mer heat wave can compromise a major pathways of inver-
tebrate immunity (in marine coastal systems). We here tried
to simulate a natural situation by providing animals with
their natural food source. The impact of global change on
parasite resistance depends on multiple factors. The para-
site pressure is likely to increase with global change due to
a selection for higher virulence (Harvell et al. 2002). Even
though the selection pressure on a strong host defence may
counteractively be increased, the adaptation of the host to
new environmental conditions is likely to take much longer
than the adaptation of the parasite (Kawecki and Ebert
2004). This time delay coupled with the here presented
negative short-term eVect of a heat wave on the immuno-
competence of the host, is likely to lead to hosts with higher
susceptibilities to parasites and diseases. In a natural situa-
tion, global change could thus drastically aVect the arms
race between hosts and parasites and have a disruptive neg-
ative impact on species interactions and the persistence of
key species such as herbivores.
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